INTRODUCTION I
N RECENT YEARS, rapid developments in the area of power field-effect devices have been reported in the literature. Although most of the attention has been focused on the power MOS gate field-effect transistor, another promising device being developed for power switching applications is the field-controlled thyristor. This device has also been called the gridistor and the static-induction transistor. The basic structure of a field-controlled thyristor consists of a p'-n-n+ rectifier with the n base containing heavily doped p+-gate regions. The device is operated by maintaining the n' cathode at ground potential and by applying bias voltages on the anode and gate terminals. In the absence of any applied potential on the gate regions, the device behaves like a conventional rectifier.
As a result, the device is capable of conducting large currents with a low forward-voltage drop when a positive bias is applied to the anode terminal, and can block current flow when a negative bias is applied to the anode terminal. In addition, the gate regions of the device are designed to pinch off the current flow between anode and cathode when a negative bias is applied between the gate and the cathode. The presence of the gate regions, therefore, provides the device with a forward-blocking capability similar to that of a conventional thyristor. In order to obtain devices with good operating characteristics it is essential that large anode voltages can be blocked with the use of small gate bias voltages. Consequently, the ratio of the anode voltage, at the onset of anode current flow, to the applied gate control voltage is an important parameter for these devices and is called the blocking gain of the device. This blocking gain is a strong function of the geometrical shape of the channel formed between the gate regions and also depends upon the resistivity of the n base. In addition to providing the device with the forward-blocking capability, the gate regions can also be used to turn off the anode current when the device is in its on-0018-9383/80/0700-1262$00.75 @ 1980 IEEE th.lckness and junction diffusion depths. There will, however, be no substantial difference in the forward voltage drop during cu.rrent conduction since the wafer thickness and the junction depths of anode and cathode regions are unchanged. Thus the new n base doping profile results in a higher forward-blocking capability while maintaining the same forward voltage drop during current condition. A quantitative estimate of this improvement in breakdown voltage can be obtained by using a one-dimensional analysis with abrupt junctions. If a 1000-V conventional device design is considered, the n-base resistivity would be 35 s2 . cm. At avalanche breakdown,-<his material has a depletion width of 90 pm. Since a diffusion length of at least 40 pm is required to maintain a low forward voltage drop, the total n-base width of the conventional device would be 130 pm. In the new device structure, the thickness of the more heavily doped n-base region at the anode is about 30 pm to prevent gate depletion-layer punchthrough to the anode. Consequently, for the same wafer thickness, the lightly doped layer of the new device structure would have a thickness of 100 pm. The low doping level of this region results in a uniform electric field as shown in Fig. 1 , which has a value of about 2 X lo5 V/cm at breakdown [8] . As a result, the forward-blocking capability of the new device structure would be extended to about 2000 V. Thus a two-fold1 increase in the blocking voltage can be expected while maintaining the same forward voltage drop.
In addition, the use of a lightly doped n-base layer in the gate area of the devices results in a very large increase in the blocking gain in these devices. When the doping level of the n base decreases, the depletion layers from the gate regions extend into the channel area at lower gate voltages. As a result, the anode-cathode current is pinched off at a lower gate voltage, thus increasing the blocking gain. Moreover, if the channel width is small and the n base is very lightly doped, the built-in potential of the junction can be sufficient to cause gate depletion-layer punchthrough under the channel. Under these conditions, the anode-cathode current flow will be terminated with no bias applied to the gate. However, the potential barrier created in the channel at zero gate bias is small and can only prevent anode-cathode current flow at anode voltages below 100 V. Further, due to this depletion-layer punchthrough at low gate voltages, high blocking gains can be expected in the asymmetrical field-controlled thyristors even for the open-channel gate structure achieved by planar diffusion. This eliminates the use of the more complex epitaxial-refill technology which was required to achieve high-blocking gains and, consequently, an expected improvement in the device processing yield.
Another significant advantage of the new structure is the expected improvement in gate turn-off capability. In the conventional device structure, gate turn-off is achieved at gate voltages which create a depletion layer that pinches off the anode-cathode current, but with the depletion layer extending only a short distance from the gate junction.
As a result, the gate depletion layer only sweeps out a small fraction of the charge which is injected into the n base during forward con-' In practice, slightly less than two-fold increase may be expected due to the decrease in the critical electric field for breakdown with decreasing doping, and the reduced anode injection efficiency due to the presence of the more heavily doped n-base region near the anode. duction. The remaining charge in the n base must then decay by recombination, This causes a long decay tail in the anodecathode current waveform and decreases the speed of the de-
. In contrast, the very low doping level of the upper n base layer in the asymmetrical field-controlled thyristor results in the gate depletion layer extending through the entire upper n base layer even at low gate voltages. As a result, most of the charge injected into the n base during forward conduction will be swept out when the gate is reverse biased. This leaves only a small fraction of the charge to decay by recombination, and thus improves the switching speed of the devices.
DEVICE FABRICATION
In order to develop the asymmetrical field-controlled thyristor, a 2000-s2 cm phosphorous-doped ingot was used as starting material. This ingot was sliced and the wafers polished to thicknesses ranging from 5 to 10 mils. A phosphorous diffusion was then performed on the back (anode) side of the wafers to obtain an n-type diffuse,d layer with a surface concentration of 2 X lo1 ' and a depth of 50 pm. This layer was designed to prevent the punchthrough breakdown discussed in the earlier section. The oxide on the front surface of the wafers was then patterned to perform a boron diffusion to a depth of 10 pm in the gate area with a separation of 40 pm between the diffusion windows. This diffusion was simultaneously performed on the backs of the wafers to obtain the anode region. This was followed by opening windows between the gate areas, and a phosphorous diffusion was performed in these windows to fabricate the cathode regions. Contact windows were then opened over both the cathode and gate areas. Aluminum was evaporated on the front surface, patterned with photolithography, and sintered at 4OO0C to obtain a good contact to both the gate and the cathode areas. A photomicrograph of the completed device is shown in Fig. 2 . The gate metallization of the device extends around the perimeter of the device, and the cathode contact pad is located in the middle of the chip. The device consists of 92 cathode fingers which are interdigitated with the gate fingers. Each cathode has a width of 10 pm and a length of 850 pm, thus providing the device with a total cathode area of 7.8 X cm2. The overall dimensions of the chip are 120 mils by 120 mils. After device fabrication, the devices were mounted in TO-3 packages for evaluation of their characteristics.
DEVICE CHARACTERISTICS
The typical blocking characteristics of a device fabricated from a wafer with a thickness of 10 mils is shown in Fig. 3 . It can be seen that the devices exhibit the expected triode-type characteristics. For this wafer thickness, the devices can block an anode voltage of over 900 V with an applied gate bias of only 14 V. Thus the dc blocking gain is more than 65. This is the highest dc blocking gain as yet reported for surface-gate devices. Although the ac blocking gain of the deep-groove field-controlled thyristors was found to be over 200, those devices have a dc blocking gain of less than 50 because the onset of blocking (depletion-layer punchthrough in the channel) does not occur until a gate bias of more than 10 V is applied. Thus the asymmetrical FCT devices fabricated in this study have superior blocking characteristics.
It has been found that the blocking gain of the asymmetrical field-controlled thyristors fabricated in this study is a function of the thickness of the n base in spite of keeping the gate junction depth unchanged. The detailed blocking characteristics of devices fabricated from wafers with thicknesses of 5, 6 , 7, 8, and 10 mils are shown in Fig. 4 . It can be seen that the maximum anode-blocking voltage increases with n-base width. This increase in the maximum anode-blocking voltage is to be expected, as discussed in the previous section, because the high electric field is maintained over a wider n base as the wafer thickness increases. In addition, the blocking gain of these devices is also found to be dependent upon the n-base width. The dc blocking gain measured at a gate bias of -10 V is plotted in Fig. 5 . It can be seen that the dc blocking gain is a strong function of the n-base width and increases by more than a factor of 3 in going from a base width of 65 pm to a base width of 190 pm. This dependence of the blocking gain on the n-base width arises from the very low doping level in the n base. This low doping concentration in the n base results in the gate depletion layer extending across the entire n base of these devices for all the wafer thicknesses under forwardblocking conditions. The pinch off region in the channel, therefore, extends all the way from the cathode to the n-type diffused buffer layer on the anode side of the device. Consequently, the width of the pinch off region between anode and cathode, which has been treated in the past as the channel length, increases with increase in n-base width. Previous analy- ses have demonstrated that the blocking gain will increase with channel length [9] , [lo] . The observed increase in the blocking gain of the asymmetrical FCT devices with increase in wafer thickness is, therefore, consistent with these analyses of device operation.
As noted in the earlier section, these devices are designed to allow the gate depletion layer to punch through in the channel region without any applied gate bias. This results in the ability of these devices to block anode current even without an applied reverse gate bias. However, the potential barrier created in the channel by the built-in junction potential of the gate is only sufficient to block current flow at low anode voltages. It has been found that as the anode voltage is increased, the device switches from the blocking state to the on-state. This can be seen in Fig. 6 which shows the characteristics of the device at both zero gate bias and at various positive gate voltages. As the positive gate voltage is increased, the channelpotential barrier decreases and this, in turn, reduces the anode threshold voltage for switching to the on-state. A plot of the variation of the anode threshold voltage with applied forward gate bias for two typical devices is shown in Fig. 7 . It can be observed that the threshold voltage decreases slowly with increasing gate bias up to a gate voltage of about 0.4 V and then decreases much more rapidly. The initial slow decrease in the threshold voltage at positive gate voltages of less than 0.4 V can be ascribed to the decrease in channel-potential barrier height as the gate voltage is increased. This decrease in barrier height is sensitive to the resistivity of the channel region because it is dependent upon the rate of variation of the gate depletion layer with gate voltage. The observed difference in the characteristics of the 5-and 8-mil wafers, is, therefore, believed to arise from differences in the resistivity of the starting material. When the gate bias exceeds 0.4 V, injection of the holes begins to occur at the gate. This causes the much more rapid decrease in the anode threshold voltage because of the onset of thyristor-type device turn-on. Once thyristor-type turn-on occurs, the threshold voltage is seen to be independent of the wafer resistivity and thickness.
When the device is operating in the on-state, the device characteristics are similar to those of a rectifier diode as shown in Fig. 8 . At low anode currents, the device current increases exponentially with the anode voltage and the devices exhibit a low forward voltage drop due to conductivity modulation of the n base by the injected holes and electrons from the anode and cathode regions, respectively. This conductivity modulation decreases as the n base width increases and results in an increase in the forward voltage drop with increasing basewidth as shown in Fig. 9 . It can be seen that the effect of increasing the basewidth on the forward voltage drop is small at low current densities, but becomes quite severe at the higher current densities. At a device current of 10 A, the cathode current density is in excess of 1000 A/cmz. At these current densities the effects of carrier-carrier scattering and Auger recombination play a significant role in decreasing the diffusion length of the carriers in the n base. This shortening of the diffusion length at the high current densities reduces the conductivity modulation more severely in the wider n-base devices and produces the observed increase in the forward voltage drop. It should, however, be pointed out that a conventional fieldcontrolled thyristor with the same forward-blocking capability would require a wider n base and would, therefore, exhibit a considerably higher forward voltage drop than the preceding devices. For example, field-controlled thyristors with blocking voltages of 900 V made by epitaxial refill techniques have a forward voltage drop of 1.25 V at a cathode current density of 100 A/cm2 [ 6 ] . In comparison, the asymmetrical fieldcontrolled thyristors with forward blocking voltages of 900 V have a forward voltage drop of 1.01 V at a cathode current density of 100 A/cmz.
In addition to the above static characteristics, gate turn-off measurements were also attempted for these devices by using a pulse generator to apply the reverse gate bias. To avoid heating up the device from the power dissipated in the device during current conduction, the device was pulsed on using a second pulse generator. A typical set of waveforms is shown in Fig. 10 . It is observed that the device can be turned off by the applied gate bias. However, a large gate current flow occurs during turn-off which results in a severe distortion of the gate pulse shape. This large current flow is due to the removal of all the stored charge in the lightly doped n base, as well as the depletion-layer charge created by the reverse gate bias, once the blocking condition is achieved. As discussed in the section which describes the device structure, the gate depletion region extends through the entire lightly doped n base and is, consequently, capable of removing most of the stored charge. In the measurements performed here, the 50-51 internal impedance of the pulser prevented the rapid removal of this charge and caused the severe distortion of the gate pulse waveform. In this experimental setup, it was found that the gate turn-off time was independent of the gate pulse height after turn-off because the gate current waveform remained unchanged as the gate bias was increased. Further, it remained the same for the devices with different n-base thickness. Consequently, although the observed turn-off time is about 6 ps, shorter turnoff times can be expected by using a gate pulser with lower internal impedance.
CONCLUSIONS
This paper has described a new structure for the fieldcontrolled thyristor. This structure is similar to that of the conventional field-controlled thyristor made by planar diffusion techniques, except for a modified doping profile in the n base of the device. This change in doping profile has been demonstrated to improve the electric-field distribution in the device during the forward-blocking operation, and to result in significant improvements in the blocking gain. The new structure is also designed to improve the tradeoff between the forward-blocking capability and the forward voltage drop in the on-state. This structure should also improve the switching speed of these devices and is capable of forced gate turn-off of the anode current.
Experimental devices made from wafers of various thicknesses cut from an ingot with a resisivity of 2000 S2 * cm show high forward-blocking capability with the highest dc blocking gain as yet reported for devices of this type. In addition, these devices have much lower forward voltage drops during current conduction as compared to the conventional devices. Since the devices have been fabricated by conventional planar diffusion techniques, the processing is simple and produces devices with a high yield. These features of the device can be expected to accelerate their application to power switching circuits.
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